Despite an increasing number of studies on pharmaceuticals and personal care products (PPCPs), data on their concentrations in the environment are still scant. This is due to many factors, including great variability in usage and physicochemical properties of these compounds, which contribute to their widespread presence and complex behaviour, particularly in the aquatic environment. The main pathway for their discharge into the waterways is through wastewater treatment plants (WWTPs), which are inefficient in removing many of PPCP compounds. Therefore, aiming to contribute to a better understanding of the role that WWTPs play in the presence of PPCPs in the environment, this paper proposes a new method for estimating the expected concentrations of these compounds in WWTP influents, effluents and sludge, as well as their expected discharge and related concentrations in freshwaters. The proposed method can assist with future eco-toxicological and environmental risk assessments as well as the development of policies and regulation related to PPCP compounds.
Introduction
The environmental presence of compounds from pharmaceuticals and personal care products (PPCPs) has been increasing over the years as a result of the growing consumption of PPCPs associated with the aging population, advances in disease treatments and expansion of health care systems (Hill & Chu 2009 , Liu & Wong 2013 . One of the main routes for PPCPs to reach the environment is wastewater treatment plants (WWTPs) which are ineffective in removing these chemicals, unless advanced treatment methods are used (Michael et al. 2013 , Ratola et al. 2012 , Verlicchi & Zambello 2015 . As a result, effluents discharged into the waterways can contain significant amounts of these compounds and can eventually reach potable water, particularly through freshwaters and groundwater. In some cases, PPCPs are present in potable water at concentrations found in the environment, indicating that conventional drinking water treatment plants are also ineffective in removing them (Carmona et al. 2014 , Luo et al. 2014 . As a consequence, concerns have been raised about the fate of PPCPs in the environment and their potential health effects over a long-term exposure through drinking water. This is particularly important given a great diversity of these compounds and the synergism among their metabolites, interactions with other compounds or their degradation products (Benotti et al. 2009 , Kumar & Xagoraraki 2010 . Recognising the importance of PPCPs in the environment, the European Directive 2013/39/EU defined a watch list for EU-wide monitoring for the following eight compounds: 2-Ethylhexyl 4-methoxycinnamate, 17-Alpha-ethinylestradiol (EE2), 17-Beta-estradiol (E2), Azithromycin, Clarithromycin, Diclofenac, Erythromycin, and Estrone (E1) (European Commission 2015) .
However, data on the discharge of PPCPs from WWTPs and on their concentrations in the environment exhibit great variability, leading to inconclusive results (Blair et al. 2015 , Boxall et al. 2014 , Luo et al. 2014 , Verlicchi & Zambello 2015 , Verlicchi et al. 2012 ). This is not surprising, given the large number of variables involved, including consumption of PPCPs, their influent concentration in WWTPs, sewage composition and plant operating parameters. As a result, there are many data gaps (Petrie et al. 2015) warranting further studies on the contribution that wastewater treatment has on the presence of PPCPs in the environment.
While the effects of these chemicals on the environment and human health are still subject of ongoing research, it is generally accepted that they could cause detrimental effects on wildlife owing to their eco-toxicological properties, even without considering the metabolites and synergetic effects (Cleuvers 2003 , Fent et al. 2006 , Martín et al. 2012 , Verlicchi et al. 2012 , Yazdankhah et al. 2006 . Although the creation of metabolites is high for many compounds, a significant number of PPCP compounds are environmentally persistent and difficult to remove once in the environment (Farré et al. 2008 , Kagle et al. 2009 , Loffler et al. 2005 , Xu et al. 2009 ).
Currently, predictions on the presence of PPCPs in WWTPs and freshwaters are largely based on prescription or sales data and disregard dilution and other operating parameters in WWTP plants. This approach is unreliable due to many factors, including incomplete sales data, fluctuations in consumption patterns and differing conditions in WWPT plants (Celle-Jeanton et al. 2014 , Oosterhuis et al. 2013 , Verlicchi et al. 2014 . Therefore, the following aspects require further attention (Shannon et al. 2008; Siemens et al. 2008; Bolong et al. 2009; Christensen et al. 2009; Miège et al. 2009; Walters et al. 2010; Gottschall et al. 2012) :  determining concentrations of PPCPs in WWTP influents;  determining concentrations in the effluent after the secondary treatment in WWTPs at which advanced treatment methods should be used to reduce the impact on the environment or to enable wastewater reuse;  identifying safe levels of discharge of these substances from WWTPs; and  determining the necessity for monitoring the effluents and sludge for the presence of certain PPCP compounds.
In an attempt to address some of these research challenges and inform policy, this work proposes a new methodology for estimating expected concentrations of PPCPs in WWTP influents, effluents and sludge, based on data from direct measurements available in literature. These estimates are then used to predict concentrations of target compounds in freshwaters. The proposed method can assist future eco-toxicological and environmental risk assessments as well as development of policies and regulation related to PPCP compounds.
Methodology
The proposed methodology involves the following four steps: 1. selection of target PPCPs and data collection; 2. estimation of the influx of PPCPs into WWTPs and their removal efficiencies; 3. estimation of concentration ranges of PPCPs in WWTPs; and 4. estimation of expected concentrations of PPCPs in freshwaters.
These steps are described in the next sections.
2.1. Selection of target PPCP compounds and data collection The first step of the methodology involves selection of target PPCPs from over 3,000 compounds currently used in Europe alone (Daughton & Ternes 1999; Roig 2010; World Health Organization 2004) . In this work, the target compounds have been selected based on data availability, environmental risks they pose, their different physicochemical properties (and hence different behaviour during wastewater treatment) and inclusion in the European watch list. As a result, the following 14 PPCP substances ubiquitous in WWTPs are considered (Radjenović et al. 2009; Jelic et al. 2011; Petrie et al. 2015 ):
• analgesics: acetaminophen, diclofenac and ibuprofen; To enable estimation of the parameters in steps 2-4 of the methodology, the following data need to be collected based on the actual WWTPs and measurements:
• influent and effluent concentrations of the target PPCPs;
• wastewater influent into WWTPs; and • population served by WWTPs.
As part of this research, the above data were collected from the literature for 81 full-scale WWTPs in different countries, spanning a range of operating parameters and treatment types. These data are summarised in Table 1 , sorted by the region, starting with the countries in North America and followed by those in Asia, Europe and, finally, Australia. h 1 activated sludge with ultrafiltration and ozone plant, 1 activated sludge and sand filtration plant, 1 oxidation ditch plant and 1 activated sludge with microfiltration and reverse osmosis plant.
Estimation of influx of PPCPs into WWTPs and removal efficiencies
The estimations in this and the subsequent steps are predicated on the following assumptions:
• the amount of PPCPs in the WWTP influent is directly proportional to the per-capita consumption of PPCP, meaning that a plant serving a larger number of inhabitants will receive a proportionally higher amount of compounds in its influent; • the consumption of the target compounds is assumed to be constant throughout the year due to a lack of data; although it is acknowledged that some compounds, such as analgesics, are expected to have higher consumption values and, therefore, influx in winter, the seasonal variations will even out over a year; and • daily variations in the influent volume and any reactions of the compounds in urban effluents before reaching the WWTP are not considered, again due to a lack of data.
The annual per-capita influx of PPCP compounds into a WWTP is estimated as follows, using the relevant data in Table 1 The removal efficiency is calculated based on the WWTP influent and effluent concentrations of PPCPs (see Table 1 ):
where: R efficiency,i removal efficiency of PPCP compound i in a WWTP (%) C eff,i concentration of PPCP compound i in the effluent of a WWTP (µg/L).
In addition to the influent concentrations, the removal efficiency is influenced by the design and operation of WWTPs, which in turn affect the concentration of the compounds in the effluent (Clara et al. 2005 , Ratola et al. 2012 . To account for the variation in different parameters, the expected concentration ranges for each PPCP compound in the WWTP influent and effluent are considered in step 3, as detailed in the next section.
Estimation of concentration ranges of PPCP compounds in WWTPs
The box plot method is used to determine the expected influent and effluent ranges for the PPCP compounds, due to its non-parametric nature. For these purposes, the values for IM inf,i and R efficiency,i , estimated in the previous step for each compound and WWTP in Table 1 , are grouped into two datasets (A and B), respectively. Each dataset is then divided into four equal quartiles, each containing a quarter of the data. Then, the first quartile is defined as the middle (median) value between the lowest and the median value of the data set, the second quartile as the median of the data set and the third quartile as the middle value between the highest and the median value of the data set. The interquartile range, defined as the difference between the third (upper) and first (lower) quartile, assumes that the values will be bundled around a central (or median) value, as per the box-plot method. As a result, the interquartile range is considered to be representative of the whole dataset for each PPCP compound if it contains more than 50% of values (Potter 2006) . The interquartile range can also be used to define outliers, i.e. the values too far from the central value or the expected range. Here, the high and low outliners are defined, respectively, as those 1.5 times above the upper quartile value and 1.5 times below the lower quartile value, following the box-plot method. Accordingly, the daily influx range for each PPCP compound can be estimated as:
where: α range,i estimated daily influx range for compound i in WWTP (g/day) λ range,i IM inf,i value for compound i within the interquartile range (mg/inhab . year) A dataset of IM inf,i values (mg/inhab . year).
The influent concentration range β range,i in a WWTP is calculated according to: Therefore, the effluent concentration range for PPCP compound i can be estimated according to:
where γ range,i estimated effluent concentration range for
The concentration range of PPCP compounds retained by the sludge can be estimated using the solid-water distribution coefficient and the sludge solids content (Verlicchi & Zambello 2015) :
where: S range,i concentration range of compound i in the sludge (kg/kg)
per-capita amount of dry matter in the sludge (kg/inhab . day) 10 -3 conversion from g to kg.
2.4. Estimation of freshwater concentrations of PPCP compounds Finally, using the values estimated in the previous steps, the predicted freshwater concentration of the target PPCP compounds after the release of the WWTP effluent can be estimated according to the following equation:
where: PEC range,i predicted environmental concentration range of compound i in freshwater after the release of WWTP effluent (µg/L) F daily flow of a freshwater body (L/day).
The estimate of PEC is based on the following assumptions: there is no previous PPCP contamination of a freshwater body; there is no prompt degradation of PPCP compounds after the effluent discharge; and spatial and time variations in the concentration of the target compounds are homogeneous.
Results and discussion
3.1. Selection of target PPCP compounds and data collection As can be seen in Table 1 , the data for the influent flow Q and the served population p range widely. For example, the smallest treatment facility has an average flow of 7,200 m 3 /day and the largest 2,785,000 m 3 /day; the population served varies from 23,000 to 6.1 million. However, as indicated in Figure 1 , the influent flow and the population served are well correlated linearly (R 2 = 0.9225). Based on these data, the average per-capita influent flow q is equivalent to 428 L/inhab . day. This value is used for the estimations of different parameters in the next steps. Using the average q, estimated based on multiple data points from small to large WWTPs, decreases the influence of the variations in daily and seasonal flows, in industrial and storm water contributions to the influent flow and, consequently, in PPCP concentrations. While the estimated value is greater than the average in Europe (150-200 L/inhab./day), it is within the range in the US, Canada and Australia (400-500 L/inhab./day). Since the data include these regions and Asian countries, combined with the fact that many of the considered WWTPs also treat storm water (Environmental Agency 2008; Sperling 2007) , this value is arguably representative. Figure 1 Correlation between daily water influent Q and population p served by WWTP based on the data in Table 1. 3.2.
Estimation of influx of PPCPs into WWTPs and removal efficiency The annual per-capita influx IM inf,i into WWTPs of the target PPCPs and their removal efficiencies R efficiency,i, , estimated using data in Table 1 and eqns. (1) and (2), are shown in Figure 2 and Figure 3, respectively. As can be seen in Figure 2 , the great majority of the IM inf,i values fall between 1 and 100 mg/inhab . year, with only three being above 1,000 and three below 1 mg/inhab . year. Similarly, most of the removal efficiencies R efficiency,i,s in Figure 3 vary between 20% and 100%, with only a few falling below 20%. It can also be observed that removal efficiencies for some compounds have negative values -this is due either to their accumulation (Gao et al. 2012 , Katsoyiannis & Samara 2005 , Li & Zhang 2011 , Quintana et al. 2005 or chemical reactions during the treatment process (Carballa et al. 2004 , Esperanza et al. 2007 , Schlüsener & Bester 2008 , Xu et al. 2012 ) which can lead to higher concentrations in the effluent than in the influent.
The estimated IM inf,i and R efficiency,i values are then grouped respectively into the datasets A and B for each target compound (see Tables S1 and S2 in the Supplementary Information (SI)) to determine the interquartile values and the outliers. The latter, summarised in Table 2 , are excluded from further consideration. It can be noticed in Table 2 that there are only four outliers for IM inf,i , out of 85 data points in total. All of these are for the WWTPs based in the UK, with one being shared with Switzerland. Given that consumption of PPCPs in the UK is amongst the highest in the world (WHO 2004) , this would suggest that higher consumption leads to their higher influx into WWTPs (Lindqvist et al. 2005 , Oosterhuis et al. 2013 , Zhang & Geißen 2010 . Figure 2 Annual per-capita discharge IM inf,i of target PPCP compounds estimated using eqn.
(1) and data from Table 1 . Each point on the graph represents IM inf for one target compound i.
1.E-01
1.E+00 For the removal efficiencies (dataset B in Table 2 ), out of 142 data points, 10 are outliers, with the majority being for the WWTPs in the UK and Spain. However, no correlation is apparent between the number of outliers and the type of WWTP or operational parameters (for the latter two, see Table 1 ), despite a wide range covered by the data in the literature. Table S1 in Supplementary information), but due to a small data sample, that value has not been considered as an outlier. 3.3. Estimation of concentration ranges of PPCP compounds in WWTPs
Daily influx ranges
The expected range of the daily influx of the target compounds into WWTPs, α range,i , estimated by eqn. (3) is given in Figure 5 ; for further details, see Table S3 in SI. The figure shows minimum ( Figure 5a ) and maximum ( Figure 5b ) values, taking into account the size of the population p served by WWTP. As can be seen, the expected daily influx of PPCP compounds is correlated linearly with the size of the population. This is in congruence with the assumption discussed in the previous section that a greater per-capita consumption of PPCPs leads to a higher influx of their compounds into WWTPs. For example, it can be inferred from Figure 4Figure 5 that a WWTP serving 200,000 inhabitants has an expected daily influx of acetaminophen in the range of 600 g/day to 10 kg/day while that serving twice as many people can expect double the influx.
The PPCP compound with the highest estimated influx is acetaminophen, followed by ibuprofen and caffeine. This is not surprising since all three products are available over the counter and used widely. The lowest influx is found for the hormones 17β-estradiol and estrone.
Influent concentration ranges
The influent concentration range of PPCP compounds in a WWTP, β range,i , calculated according to eqn. (4) for the average per-capita influent of 428 L/inhab . day, is given in Table 3 . As can be seen, the expected mean concentration for most compounds ranges between 0.02 µg/L for 17β-estradiol to 66.9 µg/L for acetaminophen. In the worst case, the latter can reach 127 µg/L; the next worst are ibuprofen with 6.1 µg/L and caffeine at 5.7 µg/L. The lowest minimum concentrations can be expected for metoprolol and 17β-estradiol (0 µg/L or below detection levels). 
Expected removal ranges
To estimate the expected concentration range γ range,i of PPCPs in the WWTP effluent (eqn. (5)), it was first necessary to determine the expected range of removal efficiencies R range,i for each compound using dataset B (see Table S2 in SI). As shown in Figure 5 and Table S4 , the expected removal efficiencies vary greatly with the lowest removal (≤25%) expected for erythromycin, metoprolol, carbamazepine and estrone and the highest (>90%) for acetaminophen, ibuprofen and caffeine. For some compounds (gemfibrozil, carbamazepine and estrone), negative removal efficiencies can be expected resulting in a higher concentration in the effluent than in the influent into WWTP. As mentioned earlier, this is due to possible transformation, recombination and/or accumulation of the compounds during the secondary treatment (Gao et al. 2012 , Kagle et al. 2009 , Verlicchi et al. 2012 ). For instance, among the PPCPs, carbamazepine has the lowest sorption and biodegradability in wastewater treatments (Clara et al. 2004 , Onesios et al. 2009 , Ying et al. 2009 ). Estrone also has an unpredictable behaviour owing to an irregular sorption potential, dependence on the oxidation conditions and microbial activity in biological treatment (Atkinson et al. 2012 , Esperanza et al. 2007 , Evgenidou et al. 2014 , Koh et al. 2008 . By contrast, the lowest variation in the removal efficiencies (≤ 1%) was found for caffeine and acetaminophen, suggesting that their removal is not dependent on the type of treatment or operating conditions of the plant.
However, the variation in the removal efficiencies could also be attributed to a wide variation in their physicochemical properties which can impair their removal by conventional wastewater treatment methods (Daughton & Ternes 1999 , Jelic et al. 2011 , Onesios et al. 2009 , Ying et al. 2009 . To examine the possible effects of this, some physicochemical properties of the target compounds were considered in relation to their removal efficiencies estimated here. As shown in Table 4 and Figures S2 and S3 in the SI, the acidic compounds were found to have moderate removal efficiencies (30%-62.5%) and removal variations (35-80%), with ibuprofen being the only exception. The basic compounds exhibited more extreme mean removal efficiencies (lower than 22.5% or higher than 80%) and the removal variation (<30% and >80%). These observations are in agreement with the findings by other authors related to the behaviour of acidic PPCPs during biological treatment and their presence in the environment (Metcalfe et al. 2003 , Quintana et al. 2005 , Thomas & Foster 2005 , Wang et al. 2010 ). (2000) e Stasinakis et al. (2010) f Carballa et al. (2008) g Karnjanapiboonwong et al. (2011) . 
Effluent concentration ranges
The expected concentration range γ range,i of PPCPs in the WWTP effluent, estimated by using the influent concentration and the removal efficiency ranges (eqn. (5)), are summarised in Table 5 . The results suggest that, similar to the influent concentrations, the minimum mean effluent concentration is expected for 17β-estradiol (0.008 µg/L). However, unlike the influent concentrations, the highest mean effluent value was found for carbamazepine (0.99 µg/L); this is due to its accumulation and inefficient removal in WWTPs.
Sludge concentration ranges
The concentration ranges S range,i of the target PPCP compounds in the sludge from WWTPs, calculated according to eqn. (6), are given in Figure 6 and Table S5 in the SI. Following the trend for the influent concentrations, the highest mean concentrations in the sludge are expected for triclosan and ibuprofen (2,526.38 and 791.62 µg/kg, respectively) and the lowest for sulfamethoxazole, 17β-estradiol, and gemfibrozil (all below a mean concentration of 9 µg/kg).
These results are in broad agreement with previous estimates. For instance, according to the findings by , triclosan, erythromycin, caffeine and ibuprofen were found at the highest concentration in 94 wastewater treatment plants in the district of Columbia, US. This is in accordance with the present work, where these three compounds have the highest mean concentrations. Although triclosan in had a much higher mean concentration (10,000 µg/kg), caffeine, ibuprofen, erythromycin, trimethoprim and sulfamethoxazole were in the same range as calculated here. The results for these and the other compounds obtained in this work are also in agreement with the ranges obtained in the literature (Petrovic et al. 2009 , Verlicchi & Zambello 2015 . The only exception was found to be gemfibrozil which appears to be underestimated in the current work. This is possibly due to its recalcitrant behaviour, as noted by some other authors who reported its variable sorption in sewage sludge (Radjenović et al. 2009 , Ying et al. 2009 ). 
Estimation of freshwater concentrations of PPCPs
The expected mean concentrations in freshwater bodies (PEC mean,i ), estimated according to eqn. (7) and based on the mean concentrations γ mean,i of PPCPs in WWTP effluents, are given in Figure 7 . The figure shows the PEC mean,i values for different freshwater flows, ranging from 50 ML/day to 5 bn L/day and for effluent flows from WWTP varying from 31.5-442 ML/day. The latter corresponds to a WWTP serving 1 million inhabitants. For example, if a WWTP discharges 442 ML/day to a freshwater body with a 50 ML/day average flow, the mean expected concentration of acetaminophen is around 580 ng/L. If a WWTP discharges 150 ML/day to a body with a flow of 500 ML/day, the mean PEC of acetaminophen is expected to be around 150 ng/L. The best-fit curves given in Figure 7 can be used to estimate the values of PEC mean,i for each target PPCP over the flow ranges considered here. It can be noted from the figure that the best-fit relationship between the PEC and the volume of WWTP effluent changes with the freshwater flow: it is logarithmic for the lower flow range (50-100 ML/day), polynomial for the mid-range (500 ML/day) and linear for the highest flow (5 bn L/day).
Conclusions
This paper has proposed a new methodology for estimating expected concentrations of PPCPs in influents, effluents and sludge of conventional WWTPs, as well as their expected concentrations in freshwaters. Application of the methodology has been illustrated for 14 PPCPs for which the data were available; however, the methodology is generic and can be applied to other PPCPs or further emerging pollutants if and when the data become available. One of the advantages of this methodology is that enables more accurate and yet relatively simple estimates of the concentrations of PPCPs, reducing the need for direct measurements. Another advantage is that the database can be continuously updated, adding other compounds and types of WWTP.
The methodology could also assist in environmental risk assessments (ERA) by linking consumption of PPCPs with environmental concentrations, taking into account the actual measured data rather than relying solely on production or consumption data for PPCPs. Moreover, the outputs could be used for development of policy and regulations. For example, regulation could impose limits on the concentrations of these compounds in WWTPs effluents, also determining the necessity for monitoring the effluents for the presence of PPCP compounds. This is important not only because of the environmental pollution but also due to the increasing pressure on traditional water resources associated with pollution, urbanisation and climate change, which is necessitating reuse of wastewater in many regions worldwide. As a result, legislation to limit the presence of PPCP compounds in wastewaters intended for reuse as potable water has been considered in some regions. For example, California has recently introduced regulations for monitoring of some PPCPs in wastewaters intended for reuse (EPA 2012 , NRC 2012 .
Depending on the intended wastewater reuse, the adoption of advanced treatment techniques in WWTPs may be necessary in future to aid the removal of PPCPs. Thus, the methodology proposed in this work could also be applied to estimate the concentrations that such plants should expect in their influents from conventional treatment and the removal efficiencies that they should achieve to render the reused water safe for human health and aquatic organisms. This in turn could aid the selection and design of most effective advanced treatment plants to enable wastewater reuse.
Furthermore, environmental legislation for the traditional sewage sludge handling routes, such as agricultural spreading, is becoming increasingly more stringent, with some PPCP compounds already monitored in some European countries (Ellis 2006 , Moran & Dann 2008 , Roig 2010 . Therefore, the results of this research could also be helpful for these purposes, helping to determine the expected concentrations in the sludge and to set the appropriate legislative limits. Lindberg et al. (2005) 12.00 53.66 Baronti et al. (2000) 25.00 80.00 Watkinson et al. (2007) 85.29 25.00 a Estimated according to eqn. (2) and data in Table 1 
